Abstract: Forty male silver foxes were used to investigate the effects of increasing dietary fat:carbohydrate (F:C) ratio {34:34, 41:28, 48:22, and 55:17 [metabolizable energy basis (ME)]} on growth performance, nutrient digestibility, serum parameters, and pelt quality during the winter fur-growing period. The results showed that average daily feed intake, average daily ME intake, average daily gain (ADG), feed efficiency, and protein digestibility were improved (P < 0.01 or P < 0.05) when dietary F:C ratio ranging from 34:34 to 48:22. However, foxes that received the 55:17 feed had lower (P < 0.05) ADG and protein digestibility than the other groups. The fat digestibility was increased (P < 0.01), and the carbohydrate digestibility was decreased (P < 0.01) with the increasing dietary F:C ratio. In addition, serum triglyceride and low-density lipoprotein cholesterol significantly increased (P < 0.05) as dietary F:C ratio increased. Changing dietary F:C ratio from 34:34 to 48:22 resulted in an increase in pelt quality, but it had negative effects on growth and pelt quality when foxes received 55:17 feed. We conclude that the optimal dietary F:C ratio for silver foxes during the winter fur-growing period was 48:22.
Introduction
Dietary fat is the most concentrated energy source and provides more than twofold metabolizable energy (ME) as that from protein and carbohydrates on a weight basis (Lassén et al. 2012 ). Metabolizable energy from fat has a higher productive value than that from either carbohydrates or proteins (Rimeslatten 1976) . In addition to these positive responses in adjusting the energy density, fat provides a cheaper energy than carbohydrates and proteins and is therefore beneficial for the feeding economy (Hansen 1992) . It has been established that a feed with high fat:carbohydrate (F:C) ratio is the most economic way to obtain optimal production in fox farming. In blue foxes, a high ratio of F:C such as 60:10 (ME basis) in the growing-furring period tends to produce higher body weight (BW) and longer pelt than lower F:C ratios (Ahlstrøm and Skrede 1995b) . Similar results were obtained with a mixture of lard and soybean oil as the primary fat source by Ahlstrøm and Skrede (1995a) . In general, silver foxes have less ability to tolerate very high dietary fat levels compared with blue foxes. According to Ahlstrøm (2011) who examined silver foxes feed with divergent dietary F:C ratios ranging from 45:25 to 55:15 during the entire growing-furring period, the results showed that different dietary F:C ratios did not affect BW and fur quality significantly. It is reason to believe that silver foxes may have a lower optimum dietary F:C than blue foxes.
With the improvement of the management and new research findings, increasing energy intake has resulted in an increase in average BW. Both BW at pelting and ME consumption of foxes given in Lassén et al. (2012) has increased more than 100% (blue fox) and 60% (silver fox) since previously published data by Hansen et al. (1991) . Dahlman et al. (2002) suggested that the increase in BW is mainly due to changes in body composition, i.e., greater fat accumulation. This increase in body size may have altered the energy requirement and nutrient digestibility. However, excessive fat intake is a common risk factor for liver disease in both mink and cats (Hunter and Lemieux 1996) . Therefore, the objective of this study was to evaluate the effects of dietary F:C ratio on growth performance, nutrient digestibility, serum parameters, and pelt quality in male silver foxes during the winter furgrowing period.
Materials and Methods
This experiment was carried out at the Fur Animal Breeding Base of the Institute of Special Animal and Plant Sciences of Chinese Academy of Agricultural Sciences in the Northeast of China, in the period from 15 Sept. 2013 to 30 Nov. 2013. All the experimental procedures used in this study were in compliance with the guidelines for the care and use of experimental animals established by the Animal Care and Use Committee of Chinese Academy of Agricultural Sciences.
Animals, diets, and management
Forty 135-d-old male silver foxes (American silver fox) were randomly assigned to four dietary treatments with four F:C ratios [34:34, 41:28, 48:22, or 55:17 (ME basis)].
The randomization was based on age and initial BW. Littermates were assigned to different groups in an effort to minimize genetic influence on reproduction and the variation in response to the dietary treatments. Different F:C ratios were obtained by varying the relative proportions of supplementary fat (poultry fat and soybean oil) and the major carbohydrate sources (extruded corn and distiller dried grains with solubles) as shown in Table 1 . The main protein sources were soybean meal, fish meal, and bone meat meal, which accounted for approximately equal shares of the total protein in each diet. Animals were fed in individual cages (0.88 m wide × 0.72 m high × 1.15 m long) under constant temperature and natural photoperiod. To adapt the experimental procedure, there was a 1 wk adjustment period for all animals. Foxes received feed and water ad libitum twice per day at 0800 and 1500. One part of diet powder was mixed with three parts of water.
Growth trial
The growth trial lasted for 75 d. The BWs of the animals were measured every 2 wk after overnight fasting. Average daily feed intake (ADFI) was recorded on a group basis. The average daily gain (ADG), average daily ME intake (ADMI), and feed efficiency (feed/gain, F/G) were calculated.
Digestion experiment
On d 30 (15 Oct. 2013), eight animals from each treatment group were selected randomly and housed individually in metabolic cages that allowed separation of urine and feces to determine nutrient digestibility based on the method described by Gugołek et al. (2014) . The digestibility measurement lasted for 3 d, and the excretions were collected daily. The feces were collected from the plate under the cages, weighed, homogenized, and sampled for laboratory analysis. To avoid ammonia evaporation from the urine, 20 mL of sulfuric acid (5% solution) was added to the urine collection bottles, and the urine collection tray was sprayed with citric acid (20% solution) once per day. Fecal samples were dried at 65°C for 24 h, ground in a mill to pass a 2 mm mesh for chemical analysis.
Blood samples
On d 60 (15 Nov. 2013 ), blood samples were collected from the hind leg puncture of silver foxes. Eight samples from each group were collected into vacuette tubes. The samples were immediately transferred to the laboratory where serum was harvested subsequently by centrifuging the whole blood samples at 3500g for 5 min at 4°C. Serum was stored at −20°C until analysis. The serum triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were analyzed using an automatic biochemistry analyzer (VITALB Selectra E, Netherlands). Test kits were purchased from Nanjing Jiancheng Biochemical Corporation (Nanjing Jiancheng Biochemical Corporation, Nanjing, People's Republic of China).
Slaughter traits
At the end of the experiment, eight silver foxes selected randomly from each group were pelted in accordance with normal farming practice. Foxes were euthanized by intramuscular injection of succinyl choline. The quality of pelt was estimated by measuring the following four parameters according to Liu et al. (2012) : (1) fresh pelt length from the nose tip to tail root; (2) length of guard hair and under hair of the back; (3) fresh pelt weight; and (4) fur quality, based on the following fur characteristics: fur density, hair color, texture, and luster, on a scale ranging from 1 to 10 (best). Crude carbohydrate (CC) was calculated as the balance by subtracting ash, CP, and ether extract (EE) from DM content. The ME content was calculated on the basis of the concentrations of CP, crude fat, and CCs; digestibility coefficients calculated from Danish standard values for the individual feed stuffs; and the following values for the content of ME (NRC 1982) per unit of digestible nutrients (kJ g −1 ): CP, 18.82; crude fat, 39.73; and CCs, 17.56. Nutrient digestibility was determined by standard methods as previously described elsewhere (Dahlman et al. 2002; Ahlstrøm et al. 2006; Gugołek et al. 2010) . The apparent digestibility (AD) coefficient of nutrient was calculated from the formula: AD = a − b/a × 100, where "a" is nutrient intake and "b" is nutrient excretion in feces. The concentration of amino acids was determined by Agilent 1100 high-performance liquid chromatography (Agilent Technologies, Santa Clara, CA, USA). All chromatographic procedures were performed at room temperature, and the samples and standards were evaluated in duplicate as described by Sedgwick and Thompson (1991) . 
Statistical analysis
Data were analyzed by the GLM procedure of SAS version 8.0. Differences between groups were tested using Tukey's test.
Results

Growth performance
As shown in Table 2 , ADFI was significantly decreased (P < 0.01) as dietary F:C ratio increased. Increasing dietary F:C ratio from 34:34 to 48:22 resulted in an increase in ADMI, and the lowest ADMI was seen in the 34:34 group. Moreover, final BW and ADG generally followed ADMI by trend, and the maximal growth was seen in the 48:22 group. Furthermore, silver foxes fed the 48:22 feed had lower (P < 0.05) F/G than fed the other feed.
Nutrient digestibility
The effects of dietary F:C ratio on AD of nutrient are shown in Table 3 . The EE intake and digestibility were increased when dietary F:C ratio ranging from 34:34 to 55:17 (P < 0.01). Silver foxes fed the 48:22 feed had lower (P < 0.05) output of EE than fed the other feed. An increase in dietary F:C ratio from 34:34 to 48:22 tends to increase (P < 0.05) the digestibility of CP. However, foxes fed 55:17 feed had the lowest CP digestibility among the groups. In addition, the CC intake and output, and CC digestibility were gradually decreased (P < 0.01 or P < 0.05) as dietary F:C ratio increased.
Serum parameters
Serum TG and LDL-C were increased (P < 0.05) with the increasing dietary F:C ratio (Table 4) . Serum TC was gradually increased as dietary F:C ratio increased, but there were no significant differences among groups. Also, diet did not modify serum HDL-C, ALT, and AST.
Pelt characteristics
The score of fur quality tended to increase (P < 0.05) with the increasing dietary F:C ratio from 34:34 to 48:22 (Table 5) . However, foxes received the 55:17 feed had Note: Means with different lowercased letters were significantly different at P < 0.05, and with different uppercased letters were extremely different at P < 0.01. CP, crude protein; EE, ether extract; CC, crude carbohydrate; SEM, standard error of the mean. Note: Means with different lowercased letters were significantly different at P < 0.05, and with different uppercased letters were extremely different at P < 0.01. BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; ADMI, average daily ME intake; F/G, feed/gain; SEM, standard error of the mean. significantly shorter (P < 0.05) fresh pelt length and lower score of fur quality than the other groups. There were no differences in guard hair length, under hair length, and fresh pelt weight among groups (P > 0.05).
Discussion
Energy density is an important determinant of voluntary feed intake of animals. It has long been recognized that feed intake declines as energy density increases (NRC 1982; Levesque 2002; Collins et al. 2009 ). In the current trail, the energy density of feed is directly related to the fat content. As expected, ADFI was significantly decreased with increasing dietary F:C ratio. Azain (2001) suggested that dietary fat could reduce the feed passage rate in the digestive tract. Thus, elevated dietary F:C ratio may act as a constraint on feed intake. Epidemiological and experimental evidence suggest that dietary F:C ratio affects BW through energy surfeits facilitated by the high energy density of fat (Lissner and Heitmann 1995) . Increasing dietary F:C ratio from 34:34 to 48:22 resulted in an increase in ADMI, which was expected and agrees with the data of Marx et al. (2015) who studied that there was an increased in energy intake when dog fed high-fat diet. We speculate that the high F:C ratio diets is motivated by the correspondingly higher ME intake and, thereby, the higher BWs. However, it had negative effects on BW gain when silver foxes fed 55:17 feed.
In general, feed intake positively affects animals' growth (Khampa et al. 2009 ). The high dietary ratio of F:C (55:17) serious reduced feed intake, thus, reduced ADMI and other essential nutrients intake, and eventually hinder growth. It was demonstrated that high-fat diets tended to decrease feed/gain (F/G) ratio in minks and pigs (Kumeno et al. 1970; Weber et al. 2006) . Data in this study showed that F/G ratio was decreased when dietary F:C ratio increasing from 34:34 to 48:22. Our findings indicate that dietary F:C ratio in certain range may increase ME intake, improve growth performance, and decrease feed cost, but it may have negative effects on the same parameters if the ratio of F:C is out of the optimal range.
The digestibility of nutrient is one of the important indexes to assess the utilization efficiency of feed. The AD of nutrient was not only influenced by components of feed, nutrients intake, and fecal output but also influenced by the level of nutrients in the diet (Asikainen et al. 2004; Sá et al. 2014 ). In the current experiment, the digestibility of EE was increased with the increasing dietary F:C ratio. Similar, Ahlstrøm and Skrede (1995a) reported that high dietary F:C ratio could improved fat digestibility values in mink. Fat is more efficiently digested by the fox. It has been reported that fat digestibility coefficients exceeded 90% (Ahlstrøm et al. 2003; Burlikowska et al. 2003; Vhile et al. 2005; Gugołek et al. 2010 ). Fat digestibility is mainly dependent on the chain Note: Means with different lowercased letters were significantly different at P < 0.05. SEM, standard error of the mean.
a In points, from 1 (the poorest) to 10 (the best). Note: Means with different lowercased letters were significantly different at P < 0.05. SEM, standard error of the mean. length of the predominating fatty acids and on the degree of saturation (Gurr et al. 2002) . The major fat source in this trail was a mixture of poultry fat and soybean oil, which was rich in unsaturated fatty acids. Previous studies with carnivore species have demonstrated that unsaturated fat sources have higher digestibility (Rouvinen 1990; Pontieri 2008) . Therefore, it is not surprising that the fat digestibility was increased with the increasing dietary F:C. The digestibility of CP in this study was increased when dietary F:C ratio increases from 34:34 to 48:22. Similar results were obtained by Geng et al. (2012) , working with blue foxes. One of the reasons may be that carbohydrate contents in the diet were decreased and fiber contents were also decreased. According to Kienzle et al. (2001) and Faulkner and Anderson (1991) , the digestibility of CP was considerably decreased by cellulose. However, silver foxes fed 55:17 feed have the lowest digestibility of CP. Some health problems, mainly minor diarrhea, were observed when foxes fed 55:17 feed. This would be one of the reasons for the decline of CP digestibility. Fur-bearing species have a very limited ability to digest fiber (Lassén et al. 2012) . The declined CC digestibility observed in this study is in agreement with data reported by Ahlstrøm and Skrede (1995a) , who observed foxes received 40:30 feed has higher CC digestibility compared with other treatments. The contents reported for carbohydrates in this study were not analyzed directly but calculated by difference. According to Vhile et al. (2005) who suggested that this procedure to determine carbohydrate content has many sources of errors, especially in diets with low carbohydrate content. Thus, the differences observed among groups in carbohydrate digestibility should be interpreted with further investigation.
The concentrations of serum biochemical indicators provide reliable information on the function of the animal organism. Changes in the values of certain serum parameters may be caused by nutritional or healthrelated factors (Lorek et al. 2002; Nenonen et al. 2004) . Triglyceride is the most common and efficient form of stored energy in mammals. They can be derived from both dietary sources and endogenous (hepatic) production (Ginsberg 1998; Rifai et al. 1999) . In this study, serum TG was gradually increased with the increasing dietary F:C ratio. Similar results were obtained in pigs and dogs (Romsos et al. 1978; Van de Ligt et al. 2002) . We speculate that the higher serum TG was associated with the higher EE intake and digestibility. In contrary, Ahlstrøm (1992) carried out an experiment with reproduction blue foxes fed the different ratios of F:C, and the study revealed no significant differences in the plasma TG. This may be due to the different species and the physiological state. Lipids are transported in plasma as macromolecular complexes known as lipoproteins (Bauer 2004; Jeusette et al. 2005) . Low-density lipoprotein cholesterol plays an important role in the delivery of cholesterol from the liver to extrahepatic tissues (Xenoulis and Steiner 2010).
In our study, LDL-C was increased with the increasing dietary F:C ratio. These results indicated that silver foxes tend to improve the liver lipid transportation to reduce liver damage by excessive lipid accumulation. Liver is one of the main organs involved in the storage, transport, and metabolism of lipid. Serum ALT and AST are sensitive indicators of liver damage by hyperlipidemia in human (Assy and Minuk 2000; Vuppalanchi and Chalasani 2011) . In this study, the statistical analyses revealed no differences related to serum ALT and AST in silver foxes. In contrast, Kopczewski et al. (2002) demonstrated that the average activity of serum ALT exceeded the reference value given by Brandt (1989) when foxes fed high-energy diet.
Because pelt size is the most important factor for market value, BW and skin size have been strong selection criteria in fox breeding. The price of pelts first of all depends on pelt length (Lorek et al. 2001) . In this study, a F:C ratio of 34:34 yielded a similar pelt length as a ratio of 48:22. This result is in agreement with the previous study by Ahlstrøm (2011) , who reported that the different dietary F:C ratios did not affect skin length. However, silver foxes received 55:17 feed had significantly shorter pelt length and lower score of fur quality in relation to other groups. The declined pelt quality was likely associated with the changes in feed intake and protein digestibility. It was suggested that hair growth is very dependent on the dietary protein, and adequate protein intake is essential (Zhang et al. 2013) . We speculated that the protein or other amino acids intake may was insufficient to meet the requirements for hair growth when foxes received 55:17 diet. Our findings indicate that high ratio (55:17) of dietary F:C resulted in a shorter pelt length and poor fur quality, consistent with the negative effects on growth performance and CP digestibility, thereby showing that silver foxes may tolerate lower dietary F:C ratios than blue foxes. Anatomical and histopathological changes in silver foxes fed with high fat diet should be investigated further.
Conclusion
Our results indicate that appropriately increasing dietary F:C ratio resulted in a higher ME intake, increased BW, and longer skins compared with the lowest F:C ratio. But it had negative effects on growth and pelt quality when silver foxes fed the 55:17 feed. Optimal dietary F:C ratio for silver foxes during the winter fur-growing period was 48:22.
Data also indicate that silver foxes tend to improve the liver lipid transportation to reduce liver damage by excessive lipid accumulation, and further investigation is needed to clarify the effects of dietary F:C on silver fox nutrition. 
